This study presents a profile of glucosinolate (GSL) levels in the edible portions of 31 cultivars of cabbage cultivated in Japan, and compares potential bioactivity levels on the basis of their ability to induce quinone reductase (QR), a phase II detoxification enzyme. Cabbage (Brassica oleracea var. capitata) seeds were sown in early March 2005 (summer-harvest) and early August 2005 (winter-harvest) and grown under uniform culture conditions. Total GSL concentration varied from 1.07 to 12.14 (mean 5.73) µmol·gDW −1 in the summer-harvest, and from 3.42 to 10.26 (mean 6.16) µmol·gDW −1 in the winter-harvest. The most predominant GSL was 3-indolylmethyl glucosinolate, 2-propenyl glucosinolate or 2-hydroxy-3-butenyl glucosinolate, depending on the cultivar. The values of relative QR activity were positively correlated only with 4-methylsulfinylbutyl glucosinolate (glucoraphanin, GR) content in both the summer-harvest (r = 0.51) and winter-harvest (r = 0.77). GR concentration ranged from 0.04 to 1.70 (mean 0.43) µmol·gDW −1 in the summer-harvest, and from 0.11 to 1.39 (mean 0.44) µmol·gDW −1 in the winter-harvest. There was no significant correlation between GR content and total GSL in either the summer-harvest (r = 0.31) or winter-harvest (r = 0.24). Among the same cultivars, there was a significant positive correlation between GR content in the summer-harvest and that in the winter-harvest (r = 0.63). These results suggest that the inducing activity of QR increased with GR content independent of total GSL, and that there are some inherent differences between cabbage cultivars in the intensity of this activity.
Introduction
Epidemiological studies suggest that dietary cruciferous vegetables lower the risk for a number of cancers (Herr and Büchler, 2010) . Cruciferous vegetables contain a group of secondary metabolites termed glucosinolates (GSLs), which are not present in other vegetables. Cruciferous vegetables also have myrosinase (βthioglucosidase, EC 3.2.3.1), which is physically separate from its substrate, GSL, in intact plant tissues. Following tissue damage, during chopping and chewing of the vegetable, myrosinase comes into contact with the GSLs, which are then hydrolyzed to isothiocyanate and other products (Bones and Rossiter, 1996) .
The anticarcinogenic effects of cruciferous vegetables are considered to be related to GSL hydrolysis products (Zhang, 2004) . Broccoli (Brassica oleracea var. italic) contains a high amount of 4-methylsulfinylbutyl glucosinolate (glucoraphanin, GR) (Kushad et al., 1999) , a member of the GSL, which is enzymatically hydrolyzed by myrosinase, when plant tissues are disrupted, into the corresponding isothiocyanate, 4-methylsulfinylbutyl isothiocyanate (sulforaphane), and other breakdown products. Sulforaphane was initially identified as a potential anticarcinogen by its capacity to induce quinone reductase (QR), a phase II detoxification enzyme, in Hepa lclc7 cell culture (Zhang et al., 1992) . To date, there has been growing interest in other mechanisms of chemoprotection by sulforaphane. Recent studies suggest that sulforaphane offers protection against tumor development during the post-initiation phase, and mechanisms involved in the suppressive effects of sulforaphane, including cell cycle arrest and apoptosis induction, are of particular interest (Gamet-Payrastre et al., 2000; Parnaud et al., 2004) . Several human clinical trials have indicated the human relevance of sulforaphane as a promising anticancer agent (Cornblatt et al., 2007; Kensler et al., 2005) .
Meanwhile, little information exists about the GSL 500 content, including glucoraphanin, in cruciferous vegetables other than broccoli. Cabbage (Brassica oleracea var. capitata) is not only one of the most widely consumed cruciferous vegetables in Japan, but is consumed in larger amounts than broccoli. In 2009, the average total quantity of cabbage purchased was 18.4 kg per household (not including single-person households), compared to 3.9 kg for broccoli in Japan (Statistics Bureau, Ministry of Internal Affairs and Communications, Japan, 2010). Therefore, this work was conducted to generate a profile of GSL levels and to compare potential bioactivity levels on the basis of their ability to induce a phase II detoxification enzyme in the edible portions of 31 cultivars of cabbage, which included a variety of families and were cultivated in Japan.
Materials and Methods

Plant materials and cultivation
The following 31 cabbage cultivars were grown: 'Shikidori', 'Haruhikari 7 gou', 'Savoy ace', 'Ayahikari', 'Okina', 'Shuutoku', 'Wakamine', 'Kogetsu', 'Ruby ball', 'Neoruby' (Takii Seed Co., Ltd., Kyoto, Japan), 'Green ball', 'Early ball', 'Kinkei 201 gou', 'Kinshun', 'Savoy queen', 'Nakawase 2 gou', 'Natsuzora', 'Red rookie' (Sakata Seed Co., Ltd., Kanagawa, Japan), 'YR akiwase', 'YR harukei 305 gou', 'YR kinshuukyouriki 152', 'YR kinshuu' (Masuda Seed Co., Ltd., Shizuoka, Japan), 'Joshun, Gakuyou', 'Matsunami', 'YR shibuki 2 gou' (Ishii Seed Growers Co., Ltd., Shizuoka, Japan), 'YR seishun' (Watanabe Seed Co., Ltd., Miyagi, Japan), 'YRSE' (Nagano Foundation Seed Center, Nagano, Japan), 'M3', 'YR yuuryoku' (Marutane Co., Ltd., Kyoto, Japan) and 'YR biboukanran' (Mikado Kyowa Seed Co., Ltd., Tokyo, Japan). Field cultivation was conducted twice in 2005. Seeds were sown in early March 2005 (summer-harvest) and early August 2005 (winter-harvest) in trays containing potting soil and placed on a greenhouse bench under natural daylight and temperature. After 4 weeks, in April (summerharvest) and in September (winter-harvest), seedlings were transplanted into a field at the Kannondai Experimental Field of the National Agricultural Research Center (Tsukuba, Japan). Plants were spaced at 40-cm intervals in rows 60 cm apart, resulting in a population of 359 plants per a. The experiment was arranged in a randomized design with four replicates (five plants of each cultivar per replicate). Before planting, fertilizer was applied at 2.5 kg-N, 2.3 kg-P, and 2.5 kg-K per a.
Sampling
At optimum plant development (about 70-110 days after transplanting), two uniform sized plants with no visible insect or disease damage were harvested from each replicate (eight plants/cultivar) and immediately transported to the laboratory. The outer leaves were removed from each plant and the head was vertically cut into 16 sections. The 16 sections of each plant were cut into smaller pieces and the total pieces of eight plants per cultivar were combined and mixed. Sub-samples of about 100 g pieces per cultivar were frozen in liquid nitrogen and then lyophilized (LFD-600CS2, Laytant, Kanagawa, Japan). Lyophilized samples were ground to a fine powder in a UDY mill (UDY, Tokyo, Japan) and stored at 4°C for glucosinolate analysis and bioassay.
Glucosinolate analysis
A ground sub-sample (about 200 mg) was placed in a 10-mL test tube. Crude GSLs were extracted with 5 mL 80% (v/v) boiling methanol in a capped test tube in a water-bath at 70°C for 30 min, during which the endogenous myrosinase was inactivated. The mixture was then centrifuged (21,040 g, 3 min at 4°C) and the resulting supernatant was collected. The residue was reextracted twice. The crude extract was applied to a minicolumn (using a 1000-μL pipette tip) packed with DEAE-Sephadex A-25 (40 mg dry weight). GSLs were desulfated with 0.5 mL 0.2% aryl sulfatase (15 units). After reaction at room temperature overnight, the desulfo-GSLs were eluted with distilled water and filled up to 3 mL. The extracts were Millipore-filtered (0.45 μm) and analyzed for GSLs by HPLC. The analysis of desulfo-GSLs was carried out with an HPLC apparatus (class-VP chromatography data system) from Shimadzu (Kyoto, Japan) fitted with an Intersil ODS-3 column (250 mm × 4.6 mm i.d., particle size 5 μm, GL Science, Tokyo, Japan). The temperature of the column oven was set at 35°C. The injected sample volume was 20 μL. GSLs were eluted and separated with a gradient of deionized water (A) and acetonitrile (B) at a flow rate of 1.0 mL·min −1 as follows: linear gradient from 2.5 to 10% of (B) for 15 min, linear gradient to 12.5% of (B) for 15 min, linear gradient to 22.5% of (B) for 5 min, kept constant at 22.5% of (B) for 25 min, and linear gradient to 2.5% of (B) for 5 min. The eluates were detected at 228 nm by a UV detector (SPD-10AVvp, Shimadzu). Each GSL was identified using LC-MS (Qtrap API2000TM, AB Sciex, Foster City, USA) in comparison with previous data (Fahey et al., 2001; Kushad et al., 1999) . The content of each GSL was quantified on the basis of response factors of the international standard (ISO, 1992) .
Bioassay of inducer potency
A ground sub-sample (about 100 mg) was extracted with 80% (v/v) boiling methanol as described in the glucosinolate analysis. The crude extract was vacuumconcentrated and filled up to 1 mL with methanol. Hepa lclc7 cells (American Type Culture Collection, Manassas, USA) were plated into 96-well plates at 10,000 cells/well using α-minimum essential medium (Sigma-Aldrich, St. Louis, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg·mL −1 streptomycin. Cells were grown for 24 h, and then the medium was replaced with medium containing the crude extract equivalent to 100 μg of a ground sub-sample per 1 mL medium. Myrosinase at 15 U/L and 500 μM ascorbate were also added to the medium to achieve complete glucosinolate hydrolysis. The final concentration of organic solvent was <0.1% by volume. In a plate, six wells were used to assay each experimental replicate, and another six wells treated with the same extract were used for the protein assay. After 48 h, cells were lysed with digitonin and QR activity was measured as previously described (Prochaska and Santamaria, 1988) . Protein content was measured using a BCA Protein Assay Kit (Pierce, Rockford, USA). The inducer potency was indicated as an average QR activity normalized to an average protein content per sample. Results are expressed as fold induction (treated/control) to account for inter-plate variability. Assays were independently conducted for the summer-harvest and winter-harvest.
Results and Discussion
Nine different GSLs were detected in various quantities in the 31 cabbage cultivars tested (Tables 1  and 2) . Five of them, 3-methylsulfinylpropyl glucosinolate (glucoiberin, GI), 2-hydroxy-3-butenyl glucosinolate (progoitrin, PRO), GR, 2-propenyl glucosinolate (sinigrin, SN), and 3-butenyl glucosinolate (gluconapin, GNP), were aliphatic GSLs, and the others, 4-hydroxy-3-indolylmethyl glucosinolate (4-hydroxyglucobrassicin, 4OHGB), 3-indolylmethyl glucosinolate (glucobrassicin, GB), 4-methoxy-3-indolylmethyl glucosinolate (4methoxyglucobrassicin, 4MGB), and 1-methoxy-3indolylmethyl glucosinolate (neoglucobrassicin, NGB), were indolyl GSLs. In the summer-harvest, total GSL concentration varied from 1.07 to 12.14 (mean 5.73) μmol·gDW −1 (Table 1) . GB was the predominant GSL, except in 'Green ball', 'Early ball', and 'Shikidori', which had higher SN than GB. In the winter-harvest, total GSL concentration varied from 3.42 to 10.26 (mean 6.16) μmol·gDW −1 ( Table 2 ). The highest percentage of GSL was SN for 'Green ball', 'Early ball', 'Shikidori', and 'Kogetsu', PRO for 'M3' and 'Ruby ball', and GB for the others. In a comparison of GSL levels of the same cultivars between two cultivation periods, summerand winter-harvest, there was a significantly positive correlation in the content of GI, PRO, GR, SN, GNP, and 4MGB (r = 0.68, 0.46, 0.63, 0.70, 0.49, and 0.55, respectively) (Table 3) ; however, this was not the case with the total GSL content (r = −0.12). In broccoli, the mean total GSL content calculated from 50 accessions was 12.8 μmol·gDW −1 and the predominant GSLs were GR, GB, GNP, and PRO (7.1, 1.1, 1.0, and 1.0 μmol·gDW −1 , respectively) (Kushad et al., 1999) . They also reported that in cabbage, the mean total GSL content calculated from six accessions was 10.9 μmol·gDW −1 and the predominant GSLs were SN, GB, and GNP (7.8, 0.9, and 0.7 μmol·gDW −1 , respectively). Contrary to that report, in this study the mean SN content throughout all cultivars (0.81 and 1.02 μmol·gDW −1 in the summer-and winter-harvest, respectively) was much lower than the mean GB content (2.75 and 2.66 μmol·gDW −1 in the summer-and winterharvest, respectively).
The results of QR induction activity, indicated as relative values, are listed in Tables 1 and 2 . The values of relative QR activity were positively correlated with GR content in both the summer-harvest (r = 0.51) and winter-harvest (r = 0.77), although they were not significantly correlated with the content of the other individual GSLs, aliphatic GSLs, indole GSLs and total GSL, except for a negative correlation with 4MGB in winter-harvested cabbage.
GR concentration ranged from 0.04 to 1.70 (mean 0.43) μmol·gDW −1 in the summer-harvest, and from 0.11 to 1.39 (mean 0.44) μmol·gDW −1 in the winter-harvest. There was no significant correlation between GR content and total GSL in both the summer-harvest (r = 0.31) and winter-harvest (r = 0.24) ( Fig. 1 and 2 , respectively). As described above, among the same cultivars, there was a significant positive correlation between GR content in the summer-harvest and winter-harvest (r = 0.63) ( Table 3 ). This indicated that the GR content varied within cultivars regardless of the cultivation period.
These results suggested that the inducing activity of the detoxification enzyme increased with the GR content independent of total GSL and that there would be some inherent differences between cabbage cultivars in the intensity of this activity. The top five cultivars, whose average GR content (average of summer-and winterharvest) were the highest, were 'Ruby ball', 'Shuutoku', 'Red rookie', 'Wakamine', and 'Neoruby'. GR content based on the cultivar families examined in this study is shown in Figure 3 . It was observed that Red (coded as 'g') and part of Kandama (coded as 'f') had higher GR levels; conversely, Copenhagen market (coded as 'a') and Savoy (coded as 'd') had lower GR levels. Red cabbage is usually served as a fresh salad in Japan. Vermeulen et al. (2008) reported on the bioavailability of sulforaphane in humans after consumption of raw or cooked broccoli; higher amounts of sulforaphane were found in the blood and urine when broccoli was eaten raw (bioavailability of 37%) versus cooked (3.4%, P = 0.002). The Japanese eat cabbage both raw and cooked, although broccoli is most often consumed cooked, which at least partly inactivates myrosinase. Therefore, it can be expected that GR ingested from raw cabbage is metabolized to sulforaphane and absorbed into the body to a higher extent than from cooked cabbage.
Considering this study and the report of Kushad et al. (1999) , the average GR content per dry weight in cabbage was about one-sixteenth of that in broccoli; however, the average total quantity of cabbage purchased per household (not including single-person households) was 4.7 times greater than broccoli in Japan (Statistics Bureau, Ministry of Internal Affairs and Communica- tions, Japan, 2010). Given that the Japanese eat cabbage raw, the intake of cabbage over the long term might contribute as much as broccoli to their health. In this study, GSLs in cabbage were artificially hydrolyzed by exogenous myrosinase; therefore, we did not take into account the potency of the activity of endogenous myrosinase. Further studies are needed to clarify the bioavailability of sulforaphane in humans after eating cabbage, taking into consideration the activity of endogenous myrosinase, which might vary depending on the cultivar. 
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